D endritic cells (DCs)
are professional APCs that play an essential role in directing the immune response upon infection with pathogens, such as Mycobacterium tuberculosis. The production of proflammatory cytokines, e.g., IL-12, by activated DC represents a vital step in controlling M. tuberculosis infection because it is these cytokines that are of paramount importance in driving the production of IFN-␥ by Th1 cells, which promotes the activation of macrophages (1) . Among the strategies that have evolved in mycobacteria to enhance survival within the host are those that block IFN-␥-initiated activation of macrophages. This action inhibits phagosome-lysosome fusion and encourages resistance to killing by oxygenated metabolites thereby promoting their survival within macrophages that thus provide a safe haven in which the mycobacteria can replicate (2) . The balance between the ability of the host to mount an effective immune response against M. tuberculosis and the ability of the bacteria to circumvent and develop mechanisms to counteract this response and persist in the host is therefore fundamental in determining the outcome of infection (3) . Therefore, the interaction between M. tuberculosis and DC represents a crucial interface in the hostpathogen interaction.
An increasing number of studies have highlighted the vital role that mycobacterial lipids play in this process, acting as both immunostimulatory and immunosuppressive factors. In this regard, TDM (trehalose 6,6Ј-dimycolate or cord factor) was found half a century ago to be a highly immunostimulatory molecule and today constitutes the classical example of a mycobacterial lipid with various biological activities. The list of mycobacterial cell envelope components mediating immunopotentiating effects also includes waxes, lipoarabinomannan, and phosphatidylinositol mannoside; the latter being capable of activating murine DC when delivered as liposomes (4) . Recently, immunosuppressive lipids expressed in highly virulent strains of M. tuberculosis, and a polyketide synthase-derived phenolic glycolipid (PGL) associated with the hyperlethality in murine models of a subset of isolates from the WBeijing family (5) , have served to indicate that the differential repertoire of lipids associated with different strains contributes to the variation in host immune response and long term disease progression observed upon infection (5) (6) (7) . However, the large majority of all these studies have been performed using bone marrowderived murine DC or various animal models, typically mice or guinea pigs. Hence, there is a lack of data pertaining to individual lipids with the ability to stimulate human cells and the involvement of human DC.
In this study, we report the identification of the simple monomycolyl glycerol (MMG) lipid, isolated from M. bovis bacillus Calmette-Guérin (BCG), with potent immunostimulatory activity characterized by the ability to activate human DC. This activity was mimicked by a synthetic analog of MMG with shorter fatty acids. Using cationic liposomes as the delivery vehicle, MMG and this synthetic analog were found to induce a very prominent Th1-biased response in mice to the co-delivered tuberculosis vaccine Ag, Ag85B-ESAT-6. The simple nature of MMG and the activity associated with its analog raise the possibility of the development of a novel class of synthetic lipids suitable for inclusion as adjuvants in vaccines for use in humans.
Materials and Methods

Extraction of lipids
The M. bovis BCG Danish 1331 was cultured in modified Sauton medium. The mycobacteria were harvested after 2-3 wk, suspended in PBS, and killed by incubating for 1.5 h at 60°C. Apolar and polar lipids were extracted according to standard protocols (8, 9) . Lipid fractions were analyzed by two-dimensional TLC on aluminum-backed silica gel plates (5554; Merck) (8) . Lipids were detected by spraying with 5% ethanolic molybdophosphoric acid followed by charring with a heat gun. Glycolipids were detected by gentle charring after spraying with ␣-naphthol/sulfuric acid (8) . Samples (10 l) of rehydrated lipid extracts (1 mg/ml) were analyzed by SDS-PAGE and silver staining for residual protein content.
Purification of individual apolar lipids and mycolates
Phthiocerol dimycocerosate (PDIM) and triacylglycerol (TAG) were isolated using TLCs run in petroleum ether/acetone (98:2); only the major PDIM component, based on phthiocerol A, was recovered. Glycosylphenol PDIM (PGL) and MMG were isolated together by TLCs run in toluene/ acetone (95:5). PGL and MMG were separated on one-dimensional TLC in chloroform:methanol:ammonia 0.880 (97:3:0.5). The PDIM (18 mg), TAG (12 mg), PGL (11 mg), and MMG (10 mg) were subjected to 500 MHz 1 H and 13 C nuclear magnetic resonance (NMR, drx500; Bruker) and MALDI-TOF Mass Spectroscopy (Biflex IV; Bruker).
MMG (10 mg) was heated overnight at 100°C with 5% aqueous tetrabutylammonium hydroxide (2.5 ml) in a 16 ϫ 100 mm tube (10) . After cooling, the mixture was diluted with water (2 ml) and a 10% solution of iodomethane (3 ml) in dichloromethane was added and the tubes placed on a rotator for 1 h. The upper aqueous layer was discarded, the lower layer washed with equivolumes of 1 M HCl and water, and evaporated to dryness to yield a residue, shown by TLC (petroleum ether:acetone, 95:5) to contain ␣-and keto mycolic acid methyl esters. Preparative TLC (petroleum ether:acetone 95:5, 5735; Merck) gave 1.4 mg of methyl ␣-mycolate and 2.4 mg of methyl keto-mycolate. Defatted cells of M. bovis BCG (four times, 50 mg) were degraded with 15% aqueous tetrabutylammonium hydroxide and converted to methyl esters (21 mg), as previously described (10) . Preparative TLC (Merck 5735, petroleum ether:acetone 95:5) produced methyl ␣-mycolate and keto-mycolate (6.9 and 12.5 mg, respectively). Pure methyl ␣-mycolate (3.9 mg) and keto-mycolate (6.8 mg) were separately heated overnight at 70°C with 1 ml of methanol-30% aqueous potassium hydroxide-toluene (1:1:0.1 v/v) (8) . The cooled reaction mixture was acidified with 1 M HCl and the mycolic acids were extracted with 2 ϫ 2 ml of diethyl ether and the solvent evaporated under nitrogen gas. Purification by preparative TLC (petroleum ether:diethyl ether 60:40, 5735; Merck) provided ␣ and keto mycolic acids (3 and 6.1 mg, respectively). Trimethylsilyl derivatization was used to separate ␣-MMG and keto-MMG. The MMG mixture (5 mg) and 600 ml of TRI-SIL reagent (Pierce) was heated at 75°C for 20 min. The cooled solution was then dried under a stream of nitrogen and loaded onto a preparative TLC plate and developed in petroleum ether:toluene (50:50). The ␣-MMG and keto-MMG bands visualized using 0.01% ethanolic rhodamine 6G spray with detection by fluorescence under long wave (366 nm) UV light. The corresponding bands were scraped from the TLC plate and the ␣-MMG and keto-MMG were extracted from the silica gel three times using diethylether (5 ml). The pooled extracts were dried and the trimethylsilyl groups removed by the addition of heptane:methanol (1:1) and a few crystals of para-toluene sulfonic acid, with mixing for 1 h. The heptane layer was recovered and evaporated to dryness to afford purified ␣-MMG (1 mg) and keto-MMG (1 mg). The lipid preparations were found to be free of endotoxin contamination (Ͻ0.001 LPS ng/g of lipid).
Synthesis of C 32 MMG
Synthetic C 32 corynomycolic acid (3-hydroxy-2-tetradecyl-octadecanoic acid 2,3-dihydroxypropyl ester, 100 mg, 0.20 mmol, 1 Eq) and 4-pyrrolidinopyridine (100 mg, 3 Eq) was placed in a 50 ml of round-bottom flask and a solution of 50 l of 2,2-dimethyl-4-hydroxymethyl-1,3-dioxolan (snisopropylidene glycerol) in dichloromethane (500 l) was added, along with 4 Å molecular sieves. The mixture was taken to complete dryness under high vacuum at room temperature and DCC NЈ,N-dicyclohexylcarbodiimidazole (15 ml, 0.1 M in DCM, 5 Eq) was added and the reaction was left to stir at room temperature overnight. The molecular sieves were removed by filtration, the reaction mixture reduced to dryness in vacuo and the residue was purified using flash column chromatography (60741 Silica Gel 60; Fluka), eluting with hexane to hexane:ethyl acetate (8:2) in 5% increments to give the pure isopropylidene-protected compound (3-hydroxy-2-tetradecyl-octadecanoic acid-2,2-dimethyl-(1,3)-dioxolan-4-ylmethyl ester) in 56% yield (68 mg). 1 
DC assays
Human PBMC were obtained from the blood bank and screened for their reactivity toward purified protein derivative (PPD) as an indication of previous exposure to mycobacteria. Only PPD-negative donors were included in this study. PBMC-derived immature DC (iDC) were obtained according to a method modified from Romani et al. (11) . Briefly, monocytes were isolated by Ficoll-Hypaque centrifugation (Lymphoprep 1077 density medium; Nycomed) followed by separation of CD14 ϩ cells using anti-CD14-labeled magnetic beads (MACS; Miltenyi Biotec). The monocytes were cultured in complete RPMI 1640 supplemented with 50 M 2-ME, 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM L-glutamine (all Life Technologies) and 10% FCS and in the presence of 100 ng/ml human recombinant GM-CSF (Peprotech) and 50 ng/ml human recombinant IL-4 (BD Biosciences) for 7 days at 37°C, 5% CO 2 . The resulting iDC were CD1a ϩ , CD14 Ϫ , and HLA-DR ϩ with Ͻ15% contaminating B cells, T cells, and monocytes. On day 7 the iDC (1 ϫ 10 5 cells/ml) were cultured for a further 24 h with LPS (Escherichia coli O127:B8; Sigma-Aldrich) or M. bovis BCG-derived lipids. Lipids were prepared by redissolving dry M. bovis lipid material or synthetic material with chloroform:methanol (2:1) in a glass tube, followed by evaporation of the solvent and probe sonication into RPMI 1640 medium. Lipids were added to iDC at a range from 0.1 to 100 g/ml.
Flow cytometric analysis
DC were stained for surface markers by incubation first with the relevant mAb (30 min, 4°C; BD Pharmingen) followed by 1/20 diluted FITC-conjugated goat anti-mouse Ig (Jackson ImmunoResearch Laboratories) (30 min, 4°C). Nonspecific Ab binding was blocked with 10% FCS solution (15 min, 4°C) before addition of the relevant primary human mAb. The stained cells were examined by flow cytometry immediately, using a FACScan flow cytometer (BD Biosciences) and analyzed with CellQuest software.
MLR assay
The iDC for the MLR assay were generated from monocytes as outlined. The resultant cells were cultured for 24 h in the same medium or in the medium containing lipids (100 g/ml). Titrations of DC from 0.125-2 ϫ 10 5 were incubated at 37°C/5% CO 2 with allogeneic T cells (10 5 cells/well) from a PPD-negative donor in flat-bottom 96-well microtiter plates. T cells were isolated using a Pan-T cell isolation kit (Miltenyi Biotec), according to the manufacturer's instructions. The DC allogeneic T cell cocultures were incubated for 6 days. The supernatant was harvested and stored at Ϫ20°C until secreted IFN-␥ was measured by ELISA (BD Biosciences) according to the manufacturer's instructions. Cells were subsequently pulsed with medium containing 1 Ci/well [ 3 H]thymidine for the final 18 h of culture. Cells were harvested, and T cell proliferation was measured by liquid scintillation counting (Microbeta Systems). All assays were performed in triplicate.
Ag-specific T cell responses
The iDC were cultured in medium containing lipids (100 g/ml). After 24 h of incubation, 1 ϫ 10 5 cells were incubated with autologous T cells (10 5 cells/well) from a PPD-positive donor in flat-bottom 96-well microtiter plates with or without coincubation with PPD (5 g/ml; Statens Serum Institut). The cultures were incubated for 6 days after which the supernatants were harvested for determination of secreted IFN-␥ measured by ELISA.
Immunization
Female H-2b C57BL76 mice 6-to 8-wk-old mice were bred at Harlan Scandinavia (Alleroed). Mice were s.c. immunized three times at 2-wk intervals at the base of their tails with vaccines containing 2 g of Ag85B-ESAT-6 produced as previously described (12) . The Ag were administered 
Statistical analyzes
Data were tested by ANOVA. When significant differences were indicated, differences between mean data were determined by Dunnett's multiple comparison test.
Results
Apolar lipids derived from M. bovis BCG Copenhagen activate human DC
To study the interactions between mycobacterial lipids and DC, we extracted protein-free polar and apolar lipid fractions from M. bovis BCG Danish. These fractions were analyzed by two-dimensional TLC, according to established protocols (8, 9) . In the polar fraction, the lipids that could be identified were phosphatidylinositol mannosides (1-4), phosphatidylinositol, phosphatidylethanolamine, phosphatidylglycerol, and diphosphatidylglycerol (Fig. 1i) as previously reported (9) . In the apolar fraction, the major lipids were PDIM, TAG, PGL, and MMG (Fig. 1, ii and iii) , with no evidence of the presence of TDM.
The comparative immunostimulatory activity of the apolar and polar lipid fractions was subsequently examined using human PBMCderived iDCs (Fig. 2) . Treatment for 24 h with apolar lipids resulted in a dose-dependent elevation of the levels of the activation markers CD86, CD40, and HLA-DR as compared with untreated controls (Fig. 2A) . Indeed, a dose of 100 g/ml apolar lipids resulted in DC activation comparable to that observed with the potent immunostimulatory LPS (0.1 g/ml). In contrast, very little activation was observed upon treatment with BCG polar lipids. Up-regulation of the maturation markers after stimulation with apolar lipids was accompanied by the secretion of the proinflammatory mediators TNF-␣ and IL-6. The levels of these proinflammatory cytokines in the supernatants of iDC treated with polar lipids were at a level comparable to that obtained with medium alone. Also stimulation with the immunomodulator M. tuberculosis TDM (100 g/ml) resulted in negligible activation (Fig.  2B) . Low levels of IL-12 were seen upon stimulation with the apolar lipids only (data not shown).
Subsequently we used the MLR assay with allogeneic T cells from a PPD-negative donor (Fig. 3) as an additional readout for DC activation. Further supporting the high activation state of iDC treated with the apolar lipids, we found high levels of proliferation and IFN-␥ release from allogeneic T cells whereas no MLR was induced by the polar lipid fraction.
Isolation of lipids from the immunostimulatory apolar fraction of M. bovis BCG
Lipids from the immunostimulatory apolar fraction were subsequently purified to give samples of PDIM A, TAG, PGL, and MMG. The structure and identity of the lipids were confirmed by 1 H NMR and mass spectroscopy (data not shown). The MMG component (Fig. 4) displayed 1 H and 13 C NMR spectra characteristic of a 1-monoacyl glycerol (13) . The 1 H NMR spectrum revealed the presence of ␣-mycolate and cis-and trans-isomers of keto-mycolate; the approximate ratio of the main components was 1.00:0.29:0.24, respectively. MALDI-TOF mass spectroscopy of the total MMG fraction showed m/z (M ϩ Na ϩ ) for C79, C81, C83 ␣-mycolate MMGs (1206, 1234, 1262), C84, C86, C88, C90 cisketo-mycolate MMGs (1306, 1335, 1363, 1391) and C87, C89, C91 trans-keto-mycolate MMGs (1349, 1377, 1405) (main components underlined).
MMG is a potent inducer of DC activation
Purified MMG, PDIM A, PGL, and TAG were evaluated for their ability to activate human iDC. In these assays MMG was consistently found to be the most potent inducer of DC activation leading to a pronounced up-regulation of CD86, CD40, and HLA-DR (Fig. 5A) . The release of TNF-␣ and IL-6 followed the same trend (Fig. 5B) , confirming the pronounced activity of MMG. Mean values of a panel of seven to eight donors exhibited the same order of activation (MMG Ͼ PDIM A Ͼ PGL Ͼ TAGs) when assessing activation markers as well as cytokine release (Table I) . MMG activated DC more efficiently than PDIM A, a lipid that has been clearly associated with pathogenicity (14) , whereas PGL and, in particular, TAGs induced notably less activation. In addition, testing the four lipids in a MLR assay again identified MMG as the most active of the lipids giving rise to significant enhanced level of T cell proliferation and IFN-␥ release compared with cells incubated with medium alone (Fig. 5C) .
The lipid MMG contains mycolic acids, common components with TDM; a glycolipid that has previously been observed to have adjuvant activity in murine models (6, 15, 16) with the fine structure of the mycolate components being of importance for its proinflammatory activity (17) . We therefore investigated whether the different active mycolate components of MMG responsible for its potent immunostimulatory capacity in humans could be identified. The ␣-MMG and keto-MMG (Fig. 4) were separated following the preparation of trimethylsilyl ethers of MMG, preparative TLC and subsequent hydrolysis of the trimethylsilyl ether-protecting groups to afford ␣-MMG and keto-MMG (containing equivalent amount of the keto-MMG with cis-and trans-configuration). When assessed for their ability to activate human iDC, the ␣-MMG and keto-MMG both stimulated ϳ2-fold increase in the levels of activation markers at a concentration of 100 g/ml (Fig. 6A) . As recent studies showed that keto-mycolates prefer a much more condensed confirmation than ␣-mycolates (18) , this more open structure of ␣-MMG may facilitate its interaction with DC receptors potentially leading to a more rapid response. To investigate the kinetics of the response to the two types of MMG, iDCs were stimulated for 12, 24, and 48 h of stimulation, and up-regulation of activation markers as well as cytokine release were monitored. As shown in Fig. 6B , there was no evidence of different kinetics upon stimulation with the two lipid variants with peak values of activation markers reached after 24 h of activation for both.
The potent immunostimulatory activity can be mimicked by a simple synthetic MMG analog
To generate a simplified synthetic MMG analog, a 32 carbon mycolate analog was chosen; this choice corresponds to the mycolic acids of Corynebacterium diphtheriae whose synthesis has been previously described (19) (Fig. 4) . Synthesis of the C 32 mycolic acid was followed by its coupling to isopropylidene glycerol; removal of the isopropylidene protecting group provided the MMG analog. This compound was tested for its ability to stimulate iDC in comparison with that of natural MMG. As shown in Fig. 7A , synthetic C 32 MMG exhibited a dose-dependent immunostimulatory activity as assessed by up-regulation of the maturation marker CD86. This activation was at a level comparable to that of natural MMG (Fig. 7A) . In addition, stimulation with the synthetic analog also resulted in considerable levels of the proinflammatory cytokines (Fig. 7B) confirming that the activity seen upon stimulation with natural MMG was mimicked by the synthetic C 32 MMG. The functional ability of MMG-stimulated DC was further assessed by incubation with autologous T cells obtained from PPD-positive donors. As shown in Fig. 7C , MMG as well as C 32 MMG led to T cell stimulation as monitored by IFN-␥ release in the presence of PPD, whereas no stimulation was seen in the absence of Ag. 
Induction of a Th1 immune response using MMG as an adjuvant in vivo
The adjuvant effect of MMG was finally analyzed in vivo using the tuberculosis vaccine candidate, Ag85B-ESAT6 (a fusion of two immunodominant proteins from M. tuberculosis (12) ) as the vaccine Ag. C57BL/6 mice were immunized with 2 g of Ag85B-ESAT-6 in the indicated adjuvant and the immune response monitored by restimulation of purified PBMCs with the vaccine Ag. Upon immunization with Ag85B-ESAT-6 in MMG alone, the immune response was found to be neglible as assessed by the IFN-␥ release (Fig. 8A) . Using cationic liposomes formed of DDA previously shown effective for delivery of mycobacterial lipids (9), we obtained significantly enhanced immune responses with MMG as well as C 32 MMG. This immune response was comparable to that obtained with the well-known combination of TDB and DDA (20) . Analysis of the cytokine imprint obtained with MMG and DDA showed a predominating Th1-type of immune response with high levels of IFN-␥, detectable levels of TNF-␣ and IL-2 and only negligible levels of Th2 cytokines (IL-4 and IL-5) (data not shown). Comparing the adjuvant activity of the four mycobacterial lipids when delivered in cationic liposomes, again MMG was the most active lipid giving rise to enhanced responses compared with DDA alone, whereas addition of PDIM and PGL to DDA gave rise to a more modest enhancement (Fig. 8B ).
Discussion
The immunostimulatory activity of mycobacterial-derived lipids has been recognized for many decades with an ever-expanding literature of lipids capable of stimulating immune responses in animal (murine) models; however, very few lipid compounds with activity in humans have been identified thus far. Although microbial lipoproteins have been demonstrated to be stimulators of proinflammatory cytokine production by human macrophages and both the naturally occurring and a synthetic version of the 19-kDa lipoprotein from M. tuberculosis induce the maturation of human DC (21, 22) , with the lipid moiety being found to be essential for this process, data pertaining to individual lipids that activate human DC is lacking. In this study, we tested different mycobacterial lipid preparations as well as individual lipids for their ability to mature human DCs identifying the apolar lipids as the most active fraction and within this fraction MMG being responsible for the majority of this activity. In contrast, the polar fraction exhibited only negligible stimulatory activity on human DCs.
In a study by Sprott et al. (4), liposomes formed of total polar lipids extracted from M. bovis BCG were previously found to be capable of activating DC with the majority of this activity found to be attributable to the phosphatidylinositol dimannoside lipid. In addition, liposomes composed of phosphatidylinositol dimannoside and cholesterol have been shown to activate primed mouse peritoneal macrophages (23) . Although apparently contrasting to the data presented in this study, it is worth noting that the polar phospholipids were presented as liposomes either obtained by a heating process above the phase transition of the lipids (4) or by mixing with cholesterol (23) . Indeed, the liposomal delivery was considered critical for obtaining the subsequent activity of the formulations. In addition, none of the above studies have included a comparative analysis to the more insoluble (and thereby less accessible) apolar lipids or individual components thereof. Finally, both studies were conducted using either murine DC or IFN-␥ primed macrophages and therefore add to the large body of evidence for lipids/lipid fractions with immunomodulatory activities in murine models.
As noted, MMG, as well as the other apolar lipid preparations tested in our experiments were of very low solubility, and different methods for stimulating iDCs were evaluated identifying sonication of the lipids in the medium as the most efficient method to solubilize the lipids (data not shown). Using this method, clearly MMG was identified as the most active of the four mycobacterial lipids, although quite large doses (25-100 g/ml) were needed, which could be due to material that was not dispersed despite the sonication procedure. In the in vivo studies, MMG was found highly efficient when delivered in cationic liposomes, which will serve to keep the glycolipid in dispersion and present the MMG to the APCs. Cationic liposomes have previously proven very efficient for enhancing the immune responses of complex mycobacterial extracts (9) as well as the synthetic analog of TDM (24) , whereas other Th1-inducing immunomodulators, e.g., muramyldipeptide, ␤-glucan, and saponin, completely failed to act in synergy with the liposomes (25) . The underlying mechanism is unknown but it could be related to a less efficient presentation to the APCs whereas the mycobacterial lipid extracts and the TDM analog is adequately incorporated into the lipid bilayers of the liposomes, and therefore presented as encountered in nature.
Although mycobacterial MMGs were occasionally found in early studies (26) , including in M. bovis BCG (27) , their close chromatographic similarity with monoglycosyl PGL (Fig. 1 , ii and iii) may have obscured their presence and at present only a modest literature on MMG exists. Limited surveys, however, have indicated that substantial amounts of MMG are only consistently found in M. bovis and its BCG variants (8) . As pointed out in another study, the apparent association of PGL with mycolate substitutes (28) may be explained by this similarity in chromatographic behavior and could also explain the lack of data pertaining to this active lipid. Interestingly, although TDM and MMG both contain mycolate components, MMG is far more active in the stimulation of human DC (Fig. 2B) . The two lipids are certainly very different in structure; TDM has two mycolate residues attached to a large hydrophilic trehalose disaccharide but MMG has a single mycolate linked to a much smaller glycerol unit (Fig. 4) . ␣-and keto-mycolic acids and their methyl esters are also less active than MMG (data not shown), so the basis of the DC stimulation apparently lies in the linkage of the glycerol to the 2-branched, 3-hydroxy mycolate unit. The precise structures required for obtaining optimal immunostimulatory activity is currently being investigated.
The receptors on DC, through which mycolates signal, have yet to be identified. Various mycobacterial proteins and lipids have previously been shown to be recognized by TLR2 in association with TLR1/6 and TLR4 (29) . TLR2-dependent activation has been described for a number of cell wall constituents including lipoarabinomannan and the 38-kDa glycolipoprotein is involved in TLR4-dependent signaling (see review at Ref. 30 by Jo et al). A preliminary testing of MMG in TLR2/4 double knockout mice failed to demonstrate a significant role for TLR2 and TLR4 in the recognition of MMG (C. S. Andersen et al., manuscript in preparation). In this regard, recent in vivo evidence using various genedeficient mice indicates a role for MyD88, the adaptor protein through which TLR signal transduction is mediated, in responses to trehalose mycolates or purified mycolic acids but not for TLR 2 or TLR4 (6, 31) . Further studies to identify the relevant receptors involved in MMG recognition will provide valuable insight into signaling promoted by the mycolic acid associated lipids of the Mycobacterium genus.
In this study, we provide evidence that MMG is a very active lipid compared with three other mycobacterial lipids; capable of stimulating human DCs. The identification of the immunostimulatory activity of MMG and its component mycolates, documented here, will enable studies of their distribution in various mycobacterial strains with different immunological properties. In addition, the preliminary data with a simple synthetic analog based on 32 carbons advocates their possible use in the development of a new generation of adjuvants suitable for human administration. As the natural and synthetic compound differ in the length of the fatty acids we cannot directly compare the activity, however we do demonstrate that it is possible to produce a synthetic variant of MMG which also exhibit adjuvant activity in vivo and have the ability to stimulate monocyte-derived DCs.
In contrast, preliminary experiments showed that MMG or the synthetic analog does not activate plasmatoid dendritic cells (results not shown). Although it would have been desirable with a broad recognition in different human DC subsets, MMG follow the same pattern as LPS and the synthetic lipid A mimetics aminoalkyl glucosaminide 4-phosphates, which are adjuvants with a proven activity in animal models as well as in humans (32, 33) . In vivo testing supported that MMG has adjuvant activity and can, when delivered in a suitable vehicle such as cationic liposomes, induce a Th1 type of immune response characterized by high levels of IFN-␥. Thus, MMG could represent a unique Th1-inducing immunomodulator that is currently highly needed in the vaccine field. The in vivo responses obtained by MMG-adjuvanted vaccines is currently being subjected to more extensive characterization and will provide important information on the further exploitation of MMG. Indeed, by using this approach of identifying individual lipids with potent immunostimulatory activity, it may be possible to circumvent the toxicity problems associated with the use of heat-killed whole cells of M. tuberculosis mixed with oil, Freund's complete adjuvant, while still maintaining the potent adjuvant activity associated with mycobacterial lipids.
